Under a strong quantum measurement, the motion of an oscillator is disturbed by the measurement back-action, as required by the Heisenberg uncertainty principle. When a mechanical oscillator is continuously monitored via an electromagnetic cavity, as in a cavity optomechanical measurement, the back-action is manifest by the shot noise of incoming photons that becomes imprinted onto the motion of the oscillator. Following the photons leaving the cavity, the correlations appear as squeezing of quantum noise in the emitted field. Here we observe such "ponderomotive" squeezing in the microwave domain using an electromechanical device made out of a superconducting resonator and a drumhead mechanical oscillator. Under a strong measurement, the emitted field develops complexvalued quantum correlations, which in general are not completely accessible by standard homodyne measurements. We recover these hidden correlations, using a phase-sensitive measurement scheme employing two local oscillators. The utilization of hidden correlations presents a step forward in the detection of weak forces, as it allows to fully utilize the quantum noise reduction under the conditions of strong force sensitivity.
Squeezed states of the propagating electromagnetic field form a fundamental group of non-classical states [1, 2] . In a squeezed state, fluctuations of the field in a certain quadrature of the oscillations are diminished below the level of vacuum fluctuations. Such property of low noise has raised long-standing interest in precision measurements in optics [3] [4] [5] [6] [7] or more recently in the microwave frequency domain [8] [9] [10] , since in several detection applications the sensitivity is limited by photon shot noise. This is the situation particularly in the emerging field of gravitational astronomy, where squeezed light will become an indispensable asset in the near future [11, 12] . Furthermore, quantum information processing with continuous variables utilizes multi-mode squeezed states as the essential resource [13] [14] [15] .
On the other hand, squeezed electromagnetic fields are connected to intriguing physics. A squeezed environment can suppress relaxation [16] , or it can reveal new phenomena [9, 17, 18] . Various nonlinear optical processes such as four-wave mixing or parametric oscillations can produce squeezed light [19] [20] [21] [22] [23] . Following the early work [24, 25] , itinerant microwaves are nowadays routinely squeezed using Josephson parametric amplifiers (JPA) at deep cryogenic temperatures [26] [27] [28] [29] [30] [31] .
Cavity optomechanics, which studies the interaction of electromagnetic fields and mechanical oscillations, provides a novel platform to produce squeezed light. The necessary nonlinear mechanism is provided by the radiation-pressure interaction that couples cavity energy to mechanical displacement. Squeezing in optomechanical cavities [32, 33] arises under an intense measurement that couples amplitude fluctuations of an incoming laser to phase fluctuations of the output field. Such "ponderomotive squeezing" has recently been produced in several experiments in optics [34] [35] [36] [37] [38] [39] . In the microwave regime, we mention the realization of strong measurements [40] [41] [42] and squeezed microwaves obtained via degenerate parametric amplification [43] .
In the present work, we show how certain complexvalued quantum correlations, which are hidden from standard homodyne detection, can be recovered by the use of two sinusoidal local oscillators, as recently proposed theoretically by Buchmann et al. [44] . Besides fundamental interest, these hidden correlations are relevant for sensitive measurements since they appear under the condition where the system is the most responsive to forces. Furthermore, as a testbed for this detection setup, we create ponderomotive squeezing in the microwave frequency regime, thereby demonstrating a new approach to create squeezed microwaves, distinct from JPA or from that realized in Ref. [43] .
At optical frequencies, squeezing is detected using homodyne detection. Within the theoretical framework introduced by Glauber [45] , photodetectors are sensitive to the even normal-ordered correlators of the electromagnetic field. In order to measure the expectation values of a general quadrature operator X θ (ω) = and its correlation functions, it is necessary to mix the incoming signal with a local field b (the local oscillator, LO). Depending on the state of the local field, it is possible to access the expectation value of the original quadratures through an intensity measurement of the mixed signal. The inclusion of low-pass filters in the measurement process allows us to extend the applicability of this description to the microwave regime.
In the standard (balanced) homodyne detection setup, the LO is chosen to be in a coherent state at a specific frequency, i.e. b = α 0 exp (−iω 0 t). In this case, it is possible to show that homodyne detection allows access to the following frequency-domain correlator 
Detection of squeezing correlations. The signal is injected into a mixer that multiplies it with local oscillator (LO) waveforms. a, In the case of standard homodyne detection, the LO is a single sinusoid with frequency ω0 and phase θ, coinciding with the frequency of the pump used to create correlations in the resonator. This essentially sums up negative and positive frequencies ±ω with respect to ω0. b, Bi-chromatic LO with two phases can detect complex quantum correlations that may be invisible in homodyne detection. (c) Sketch of the electromechanical experiment, where ponderomotive squeezing of microwaves is created in a sample comprising a micromechanical oscillator parametrically coupled to a microwave resonator.
Here, S X (ω) = 1 2 {X(ω), X(−ω)} , similarly for S Y , and the cross-spectrum is
Since the cross-spectrum of the two complex-valued frequency-domain quantities is usually not real, information may be lost in homodyne detection. This is represented in Fig. 1a , which shows how positive and negative sideband frequencies sum up.
There has been little earlier discussion on the recovery of complex-valued squeezing correlations hidden to ordinary homodyne detection. Quantum squeezing in the hidden regime has been achieved in optics in one experiment via a modification of the two sidebands [46] .In the classical limit, an analogous noise reduction was recently obtained in a cavity optomechanical experiment [47] using digital filtering. Quite recently it was proposed [44] that the complex correlations could be accessed with a bi-chromatic LO, i.e., α 0 (t) = |α − | exp(−iω s t − iθ − ) + |α + | exp(iω s t − iθ + ), as displayed in Fig. 1(b) . The resulting noise spectrum can be written in a simple form at zero frequency (in the frequency frame oscillating at
where
We have denoted the respective spectra with the correlation matrix elements C ij , for example C 12 ≡ S XY . The relation given by Eq. (2) allows us to interpret S θ± X (0) as a quadratic form in the variables α X and α Y associated with the matrix C ij (ω). The measurement of S θ± X (0) accesses the smallest (largest) eigenvalue of C ij (ω s ) by the choice of α X , α Y in such a way that the vector (α X , α Y ) T corresponds to the eigenvector associated to the smallest (largest) eigenvalue of C ij (ω s ), thereby revealing correlations hidden to homodyne detection.
The realization of the measurement leading to Eq. (2) is not restricted to a specific system. We choose to work in a generic cavity optomechanical setup [44] , where the observability of the interesting quantities is expected to be well within reach. The interaction between the electromagnetic cavity (frequency ω c , damping rate κ, and the field operators a † , a), and the mechanical oscillator (frequency ω m , damping rate γ m , operators
, where the single-photon coupling g 0 κ is the small parameter. In order to obtain an effectively strong electromechanical coupling, a strong sinusoidal pump tone at frequency ω 0 ω c is injected in the system. One can write the pump frequency using the detuning ∆ ≡ ω 0 − ω c . The pump induces a photon number n c in the cavity, and consequently one obtains a linearized interaction G(a † + a)(b † + b) with the effective coupling G = g 0 √ n c g 0 . The dynamics is commonly written by the use of inputoutput theory of optical cavities for the linearized system. There is incoming electromagnetic noise at the device input, which in the present case of low temperature k B T ω c is composed of vacuum noise having the quadratures x in (t) and y in (t). The mechanical oscillator phonon number n T m k B T / ω m , on the other hand, is relatively far from the ground state. The field quadratures leaking out from the cavity receive a contribution by the classical dynamics in the electromechanical system, but also by the fundamental measurement quantum back-action. In order to obtain the output field X o (t), Y o (t), for simplicity we do not in the following write down the mechanical thermal noise. The frequencydomain quadratures are [48] where the coefficients are
and
. Ponderomotive squeezing qualitatively arises because the measurement backaction affects each of the output quadratures in a distinct way. The case ∆ = 0 represents the most direct example, with A XX = A YY and A XY = 0, but A YX = 0. This, on one hand, implies squeezing;
and, on the other hand, the appearance of nontrivial correlations among quadratures; X o (ω)Y o (−ω) = 0. The emergence of nontrivial correlations is related to the fact that it is not possible to recast Eqs. (3a,3b) in diagonal form through a pair of orthogonal transformations of the input and output quadratures. Another example of a system for which Eqs. (3a,3b) cannot be written in diagonal form -hence leading to a mixing of the quadrature signals and a complex-valued C 12 (ω)-is represented by a phase-mixing amplification (PMA) setup [43, 49] , showing how PMA and hidden correlations are closely related concepts.
Our experimental scheme is that of microwave cavityoptomechanics, see Fig. 1c . We use a superconducting on-chip cavity resonator (frequency ω c /2π
7.31 GHz) coupled to a mechanical drum oscillator that has the frequency ω m /2π 9.204 MHz and the damping rate γ m /2π 120 Hz. The single-sided cavity is strongly coupled to the measurement port through the coupling rate κ E /2π 27.7 MHz. The cavity also has internal losses at the rate κ I /2π 100 kHz, and the cavity losses sum up to κ = κ I + κ E 2π × 27.8 MHz. The parameters are selected such that we operate somewhat in the bad-cavity limit κ ω m and the cavity responds fast to the mechanical fluctuations induced by the incoming shot noise, and hence the amount of squeezing is optimized. 3 . Squeezing eigenvalues. a, Homodyne noise spectrum shown as a colormap. We observe quantum squeezing (value below 0 dB) inside the white contours. b, Maximum (red) and minimum (blue) envelope of the spectrum with respect to the local oscillator phase θ from the data in a. The black lines are theory predictions, and the red theory line is the lower eigenvalue of the correlation matrix.
The output signal from the sample is directed via isolators and superconducting cables towards the amplifier at 3 Kelvin. To avoid saturating the amplifier, we cancel the strong pump tone by summing up the original signal applied via a −20 dB directional coupler, similar to our earlier works [42, 43, 50, 51] . We detect the squeezing in the plane immediately preceding the 3 K amplifier. This is a regular phase-preserving HEMT amplifier, and adds around N HEMT ≈ 10 quanta of noise to the signal. At room temperature, the signal is further amplified and digitized in a signal analyzer that provides the in-phase and out-of-phase quadratures.
Squeezing can be quantified as the noise in one quadrature N θ in units of the vacuum noise in that quadrature,
therefore S < 1 (or 0 dB) entails quantum squeezing. To infer the squeezing, we measure the quadrature spectral density S θ with the pump tone on, and in a separate measurement S θ off with the pump tone off. This allows us to use N HEMT as a reference, which remains unchanged in both measurements. Hence, Eq. (5) becomes
2 N HEMT is the HEMT noise in one quadrature.
When using a single LO at the pump frequency (regular homodyne detection, Fig. 1a) we observe a strong phase dependence in the output noise. At LO phase values around θ π/2, we observe a maximum quantum squeezing of 1.1 dB, see Fig. 2 . The theoretical model shows a good agreement. For the fits, we used as free parameters the mechanical and cavity noise temperatures. The effective coupling and pump detuning are within 5 % of values calibrated via sideband cooling.
To proceed towards detecting the hidden quantum correlations, we next explore the possible values of the spectrum S at a given frequency. We make a dense scan of the LO phase (Fig. 3a) , and record at each frequency the minimum and maximum values of the spectrum. As displayed in Fig. 3b , at the mechanical resonance frequency the minimum envelope develops a peak, which does not exhibit squeezing. In the figure we have also plotted the theoretically expected eigenvalues of the correlation matrix, and one can see that the mentioned peak clearly rises higher than the smaller eigenvalue.
We now discuss the main result obtained using the bichromatic LO (Fig. 1b) . The two LO's have frequencies ±ω s ±ω m symmetrically at both sides of the pump tone. In the general case they have a small detuning from the mechanical sideband, allowing to map the frequency dependence of the correlation matrix, see Eq. (2). We create the two LO's digitally and optimize their amplitude and phase to maximize the squeezing around zero frequency. The optimized amplitude ratio of α − and α + differs only 0.2% from that predicted by the model. In Fig. 4 we display the results at different LO detuning values. With the complex detection, we recover squeezing around the zero frequency, which in the lab frame corresponds to the mechanical sidebands of the cavity resonance. The theoretical prediction, using the same parameters as in Fig. 2 , accurately follows the data. Finally, in Fig. 5 we present a summary of the data from Fig. 4 . Here, we extract the squeezing at the bottom of the zero-frequency dip. Since there are only a few data points to consider in case of small detuning, the error bars grow larger in this limit. Nonetheless, we can with a good confidence faithfully map the eigenvalues of the correlation matrix within the "forbidden" region of ∼ ±5 kHz around the mechanical resonance.
To conclude, we have investigated propagating microwaves to recover quantum correlations that hitherto have remained elusive. Our work also confirms ponderomotive squeezing at a frequency range four orders of magnitude lower than previously demonstrated. The hidden correlations are foreseen to exist and be measurable also in other systems where the output field has to be expressed as a mixture of the quadratures of the field entering the system. In the present system, we expect the reduced noise at a resonant condition to be useful for sensitive force detection.
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FIG. 5.
Mapping the correlation matrix. The solid symbols, with 2σ error bars, denote the minimum of the complex squeezing spectrum at zero frequency as a function of the bi-LO detuning. This is compared to the theoretical prediction for the smallest eigenvalues of the correlation matrix (red line). The hidden quantum correlations are given by the data points falling below the lower homodyne envelope (blue trace) and the corresponding theory line (black), around zero detuning. The frequency axis for the homodyne data is given by the upper labels.
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